Background: Increased venous contrast in ischemic stroke using susceptibility-weighted imaging has been widely reported, although few reports have compared increased venous contrast areas with perfusion change areas. Purpose: To compare venous contrast on phase-sensitive MR images (PSI) with perfusion change on flow-sensitive alternating inversion recovery (FAIR) images, and to discuss the clinical use of PSI in ischemic stroke. Material and Methods: Thirty patients with clinically suspected acute infarction of the middle cerebral artery (MCA) territory within 7 days of onset were evaluated. Phase-sensitive imaging (PSI), flow-sensitive alternating inversion recovery (FAIR), diffusion-weighted imaging (DWI) and magnetic resonance angiography (MRA) were obtained using 3 Tesla scanner. Two neuroradiologists independently reviewed the MR images, as well as the PSI, DWI, and FAIR images. They were blinded to the clinical data and to each other's findings. The abnormal area of each image was ultimately identified after both neuroradiologists reached consensus. We analyzed areas of increased venous contrast on PSI, perfusion changes on FAIR images and signal changes on DWI for each case. Results: Venous contrast increased on PSI and hypoperfusion was evident on FAIR images from 22 of the 30 patients (73%). The distribution of the increased venous contrast was the same as that of the hypoperfused areas on FAIR images in 16 of these 22. The extent of these lesions was larger than that of lesions visualized by on DWI in 18 of the 22 patients. Hypointense signals reflecting hemorrhage and no increased venous contrast on PSI and hyperperfusion on FAIR images were found in six of the remaining eight patients (20%). Findings on PSI were normal and hypoperfusion areas were absent on FAIR images of two patients (7%). Conclusion: Increased venous contrast on PSI might serve as an index of misery perfusion and provide useful information.
Misery perfusion is associated with decreased cerebral perfusion pressures in extracranial and intracranial atheromatous diseases, complete carotid artery occlusion and Moyamoya disease (1, 2) . Emerging imaging and treatment modalities offer the possibility of practical and evidencebased management for this important condition. A diagnosis of misery perfusion should be considered in patients with orthostatic stroke symptoms and significant cerebrovascular stenosis.
Positron emission tomography (PET) scanning follows the progression of cerebral hemodynamic impairment in misery perfusion by measuring regional cerebral blood flow (CBF) and tissue oxygen extraction fraction (OEF) (3) . This modality has been the gold standard for investigating misery perfusion and irreversibly damaged tissue (4) . However, PET is not widely available for clinical use (5) . Other modalities, such as single photon emission computed tomography (SPECT) and Xenon-enhanced computed tomography (CT) have been clinically validated for diagnosing misery perfusion. Dynamic contrast enhanced CT and magnetic resonance (MR) perfusion imaging as well as arterial spin labeling (ASL) using MR techniques are promising newer and less invasive techniques that can be used to assess CBF (6) .
Novel susceptibility-weighted imaging (SWI) can detect changes in cerebral venous blood oxygenation and thus might have potential as an alternative method of OEF assessment (7 -10) . The principles and technique of SWI have been extensively described by Haacke et al. (11) (12) (13) . Moreover, this sequence is highly susceptible to paramagnetic substances, such as iron, calcium, and blood products, such as deoxyhemoglobin and methemoglobin, and its primary application to date has been to demonstrate blood products and calcifications under various pathological conditions (14) . Phase-sensitive imaging (PSI) is based on principles similar to those of SWI. It uses both magnitude and phase images generated from high-resolution, flowcompensated three-dimensional (3D) gradient echo sequences (GRE) and it can also visualize smaller veins and other sources of susceptibility effects, such as the blood oxygen level-dependent (BOLD) effect (15 -17) .
Cerebrovascular diseases, except for those with contraindications, have been investigated at our hospital in an emergency study that included PSI (18) . We have found that PSI often reveals increased contrast in the returning veins of patients with severe infarction caused by major vessel occlusion. Although such findings using conventional GRE-T2 Ã have been reported (19 -21) , the clinical significance of PSI has not been established.
On the other hand, flow-sensitive alternating inversion recovery (FAIR) is a type of ASL with non-contrast perfusion-weighted imaging (PWI). This sequence is a pulsed arterial labeling approach using the signal difference between two images with a slice-selective or non-selective inversion pulse (22) (23) (24) . This method confirmed that the asymmetry ratio on FAIR images closely correlates with the ratio on mean transit-time maps derived from contrast dynamic PWI and SPECT with 123-I-iodoamphetamine (25, 26) .
The present study compares venous contrast on PSI with perfusion changes on FAIR images, and discusses the clinical value of PSI for diagnosing ischemic stroke.
Material and Methods
We retrospectively analyzed data from 30 consecutive patients (18 men, 12 women; mean age 72 years; age range 9-96 years) with clinically suspected acute middle cerebral artery (MCA) territory infarction within 7 days after onset that was confirmed by MR imaging. All of them were examined by MR including PSI and FAIR. Our institutional review board approved the study, which did not require written informed consent. However, we obtained oral consent before the study from all patients or their relatives. The instrument for MR examinations was a 3 Tesla (T) whole body scanner (Signa EXCITE HD; GE Healthcare, Milwaukee, WI, USA) with a dedicated eight-channel phased-array coil (USA Instruments, Aurora, OH, USA).
We acquired PSI using 3D-spoiled gradient recall acquisition in a steady state (3-D SPGR) sequence with full flow compensation and the following parameters: repetition time (TR) 45 ms, echo time (TE) 30 ms, flip angle 208, field of view (FOV) 210 mm, matrix 512 Â 192, sections 1.5 mm thick, scan duration 7.5 min. All images were obtained in the axial plane. We postprocessed the PSI using a high-pass filter and then converted the images into negative phase masks that were multiplied four times into the corresponding magnitude images by research software (PSI Recon, GE Yokogawa Medical Systems, Tokyo, Japan). A minimal intensity projection was performed to display the processed data using contiguous 10-mm-thick sections with a 7-mm overlap in the transverse plane.
The sequence of the multislice FAIR method was used with the following imaging parameters: TR 2000 ms, TE 20 ms, inversion time (TI) 1200 ms, FOV 23 cm, matrix 64 Â 64, slice thickness 7 mm, slice gap 3 mm, scan duration 3.5 min. The sequence of the echo planar-based diffusion weighted image (DWI) was used with the following imaging parameters: TR 6500 ms, TE 70 ms, b-value 1000 s/mm 2 , FOV 21 cm, matrix 64 Â 128, slice thickness 5 mm; slice gap 1.5 mm.
A radiologist collected the data and assessed eligibility criteria. Two neuroradiologists with 5 years of experience of reporting PSI images independently reviewed the MR images, as well as the PSI, DWI, and FAIR images at a similar level, because the slice thickness of images from the latter three modalities differed. Both neuroradiologists were blinded to the clinical data and to each other's findings. The findings of the PSI images were reported before reviewing all the other sequences. After ensuring that the images were of adequate quality, we evaluated the presence of asymmetric intracranial cortical and medullary veins on PSI that were categorized as being more numerous and/or more conspicuous in size and signal intensity relative to the other cerebral hemisphere. Next, perfusion changes were evaluated in FAIR images. The abnormal area of each image was ultimately identified after both neuroradiologists reached consensus. We analyzed areas of increased venous contrast on PSI, perfusion changes on FAIR images and signal changes on DWI for each case. Hemorrhagic lesions with hypointense signals were also accessed on PSI.
Follow-up MR images including PSI were obtained from two patients with recanalization. We also evaluated subsequent changes in the increased venous contrast on PSI. more numerous and/or large conspicuous veins was found along the course of the subependymal and medullary veins in the deep white matter and along the course of the juxtacortical veins at the ischemic site compared with the contralateral site in 22 (73%) of the 30 patients. Hypointense signals reflected hemorrhage on PSI in six (20%) patients and two (7%) had no definite abnormalities on PSI. On the other hand, hypoperfusion and hyperperfusion on FAIR images was evident in 24 and six patients, respectively. All 22 patients with increased venous contrast on PSI also had hypoperfusion on FAIR images. A typical image of increased venous contrast on PSI is shown in Fig. 1 . A large hypoperfusion area on the FAIR image and abnormal areas on DWI are evident in this MR angiographic image of a patient with internal carotid artery occlusion. Four of such patients also had hemorrhage on PSI. The distribution of the increased venous contrast was identical to or smaller than that of the hypoperfusion areas on FAIR images in 16 and two, respectively, of the 22 patients. To evaluate the distribution of the increased venous contrast on PSI was difficult in images of the remaining four patients due to hemorrhage. The extent of abnormal lesions was greater on PSI than on DWI in 18 of 22 patients. No abnormalities were evident on DWI from one patient, although the venous and perfusion abnormalities were obvious on PSI and FAIR images (Fig. 2) .
The relationship between the increased venous contrast veins on PSI and elapsed time since onset is shown in Table 2 . Venous contrast increased in all 17 patients who were examined within 2 days. Although a correlation between increased contrast in medullary and cortical veins was not obvious, contrast was usually increased in both veins, and then became obscured after infarction. Hyperperfusion was found on FAIR images of six patients in whom only hypointense signals reflecting hemorrhage on PSI. A typical case is shown in Fig. 3 
. The remaining two patients had no abnormal findings on PSI despite FAIR images showing hypoperfusion.
Venous contrast tended to be increased on PSI from patients with major vessel occlusion or stenosis and abnormal hypoperfusion on FAIR images during the acute phase. Venous contrast on PSI disappeared on subsequent follow-up MR images from two patients with recanalization ( Fig. 4 ).
Discussion
Our results demonstrated that all patients with major vessel occlusion or stenosis during the acute phase within 2 days of onset tended to have increased venous contrast on PSI. We also identified increased venous contrast on PSI from patients with abnormal hypoperfusion on FAIR images during the acute phase. The mechanisms of the increased venous contrast on PSI remain unknown, but we consider that it is associated with the high sensitivity of the BOLD phenomenon. The signal intensity of T2 Ã -weighted images of animal models becomes rapidly reduced in the MCA territory after MCA occlusion (27) and changes in the T2-value induced by experimental ischemia significantly correlate with the magnitude of the BOLD effect (28) . Moreover, the presence of hypointense and enlarged vessels in GRE sequences within acute ischemic territories attributed to the BOLD effect are secondary to elevated deoxyhemoglobin levels (24) .
Tamura et al. also suggested that a signal intensity change on T2 Ã -weighted images indicated higher deoxyhemoglobin concentrations due to an increase in OEF, that is, misery perfusion, based on a comparison of a semi-logarithmic plot of the signal intensity on T2 Ã -weighted images with cerebral blood volume (CBV) on PET (19) . Here, we compared increased venous contrast on PSI and abnormal perfusion areas on FAIR images in patients with clinically suspected acute MCA territory infarction that was confirmed by MR imaging. Hence, we considered that the increased venous contrast on PSI would reflect relative increases in venous deoxyhemoglobin concentrations due to elevated OEF and therefore reveal a state of misery perfusion. Consequently, we believe that the change in increased venous contrast on PSI is caused by the following mechanism. As the severity of major artery occlusion increases, CBF progressively declines and OEF increases as a compensatory mechanism to maintain cerebral perfusion pressure. Due to maximal extraction of oxygen by ischemic tissue, the deoxyhemoglobin concentration and the ratio of deoxy-to oxyhemoglobin increases in draining veins (29) . This induces a susceptibility effect that is detectable in sequences such as PSI.
Furthermore, PSI can provide more information than DWI about patients with transient ischemic attack. For example, both PSI and FAIR detected ischemic stroke in case 3 during the acute phase even when DWI was still negative. Infarction occurs when the autoregulatory mechanisms are disturbed and elevated OEF fails to maintain adequate perfusion. Hence, the BOLD effect depends on the metabolic needs of remaining surviving tissues and compensatory collateral supply. Based on this understanding, PSI profiles of misery perfusion are characteristic of tissues comprising the ischemic penumbra when DWI are negative.
Venous contrast was usually increased at the acute phase within 2 days of onset and then became obscure after infarction. In fact, the increased venous contrast on PSI disappeared on subsequent follow-up MR images in two of our patients with recanalization. However, PSI profiles of misery perfusion were evident in one patient even on day 7 after stroke onset. The exact duration of the misery perfusion profile is unclear. The patients with misery perfusion (31) . However, increased OEF can be visualized even after the acute stage of ischemic stroke (32) . We believe that the prolonged PSI profiles of misery perfusion are caused by progressive stroke or chronic ischemia. Six patients with hemorrhage on PSI had hyperperfusion on FAIR images, which might reflect the subsidence of misery perfusion due to recanalization of the occluded arteries. Moreover, PSI is far more sensitive in detecting hemorrhage within infarcts than other sequences. In general, misery perfusion can be visualized at the hyperacute phase of stroke as noted above. This is followed by luxury perfusion in the subacute phase (33) . Luxury perfusion is thought to represent non-nutritive reperfusion, that is, recanalization of an occluded vessel and flow restoration when damage or infarction is already irreversible. Thus, hyperperfusion on FAIR images would indicate luxury perfusion.
Only two patients had no abnormal findings on PSI despite hypoperfusion being indicated on FAIR images. We believe that these patients had already progressed to complete infarction proved by follow-up MR imaging.
However, the present study has several limitations. Our hospital has a clinical pathway for the diagnosis and management of stroke. First, the investigative work-ups for stroke etiology were not identical and not all of the patients were evaluated by follow-up MR imaging. Second, as PSI is often evaluated by comparing venous asymmetry, diagnoses of bilateral disease might be difficult. Third, the signal intensity on PSI does not only depend on oxygenation, but will vary with other factors, including magnetic field strength. Christoforidis et al. demonstrated that normal veins in the deep white matter of healthy individuals are hypointense on eight T MR images (34) . These results suggest that differences in magnetic field strength should be carefully considered when comparing image data with different susceptibility-enhanced effects.
Despite these limitations, PSI might be valuable for identifying misery perfusion that has previously been detectable only by PET. Further analyses should focus on the relationship between ischemic penumbrae and mismatches between perfusion and diffusion on MR images. Increased venous contrast on PSI would reflect severe ischemia and may be useful for identifying patients at high risk for imminent infarction and management of the patients who require immediate reperfusion therapy.
In conclusion, increased venous contrast on PSI might serve as an index of misery perfusion. These preliminary data describe a relative and not yet quantifiable index of oxygen extraction, the relevance of which must be proven by comparison with quantitative PET studies.
